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SUMMARY 


Two  commercially  available  solid  state  frequency  converters  (90 
KVAt  60  Hertz  to  400  Hertz,  3  phase  WYE  systems)  were  evaluated 
in  a  field  test  to  determine  if  their  electrical  power  output 
quality  was  acceptable  for  U.S.  Air  Force  systems.  Load  bank  and 
aircraft  testing  determined  that  the  solid  state  frequency 
converters  are  capeble  of  producing  acceptable  power.  The  off- 
the-shelf  units  will  require  some  modifications  to  reduce  the 
harmonic  distortion  and  to  improve  the  voltage  regulation  in 
order  to  meet  current  specifications  (M I L-M-48030 ,  General 
Requirements  for  Motor-Generators) .  Specifications  for  solid 
etate  frequency  conversion  equipment  are  being  drafted  by  the 
item  manager  and  will  be  similar  to  MIL-M-4803D.  The  frequency 
regulation  of  the  solid  stats  frequency  converters  was 
exceptionally  good.  In  addition,  the  wide  power  factor  operating 
range,  easy  access  for  maintenance,  and  anticipated  improvement  in 
the  mean  time  between  failure  continue  to  make  this  technology 
attractive  as  an  alternative  for  providing  400  Hertz  facility 
power  for  aircraft  use. 


I.  INTRODUCTION 


1 . i  PURPOSE:  The  purpose  of  this  engineering  project  was  to 
investigate  and  document  the  performance  of  230  volt,  400  Hz 
solid  state  frequency  converters  for  possible  U.S.  Air  Force  use. 

1.2.  BACKGROUND:  HQ  SAC/LGSE  and  SM-ALC/MMI  were  approached  by 
two  manufacturers  of  solid  state  frequency  conversion  equipment 
with  offers  to  provide  articles  for  test  at  no  cost  to  the 
government.  This  technology  has  the  promise  of  providing  high 
qua  I  i ty  power  with  reduced  operating  and  maintenance  cost.  The 
initial  cost  of  the  solid  state  frequency  converters  also  appears 
to  be  competitive  with  the  motor-generator  type  equipment 
currently  in  the  Air  Force  inventory.  SIVI-ALC  and  both 
manu f actur ers  wanted  to  test  230  volt,  400  hertz,  three  phase  WYE 
systems  since  this  voltage  Is  used  on  the  B-1B  and  is  also 
expected  to  be  used  on  future  aircraft. 

I  I .  PROCEDURES 

The  objective  of  the  test  was  to  investigate  the  performance, 
electrical  properties  and  construction  of  two  sol  id  state 
frequency  converters.  An  ECU-105  motor-generator  was  also  tested 
to  provide  control  data.  The  following  three  power  conversion 
units  were  tested: 

(a)  Article  1  was  a  90  KVA,  230  volt,  three  phase  WYE, 
sol  id  state  frequency  converter  manufactured  by  Jetway  Division 
of  Abex  Corporation.  Jatway  representatives  were  invited  to 

mon i tor  the  test . 

(b)  Article  2  was  a  90  KVA,  230  volt,  three  phase  WYE, 
sol  id  state  frequency  converter  manufactured  by  Control  led 
Systems  Incorporated.  Controlled  Systems  representatives  were 
Invited  to  monitor  the  test. 

(c)  Article  3  was  a  75  KVA,  230  volt,  three  phase  WYE, 
ECU-105  motor-generator  currently  In  the  Air  Force  inventory  and 
available  at  Dyess  AFB,  Texas. 

The  test  sequence  is  described  below.  Two  series  of  tests  were 
conducted.  The  first  test  sequence  appraised  each  unit’s 
performance  on  a  load  bank  and  the  second  appl  i  ed  power  to  an 
aircraft  to  ensure  that  anticipated  aircraft  hangar  maintenance 
loads  could  be  suppl ied  by  each  unit. 


2.1  LOAD  BANK  TEST  --  This  test  sequence  provided  the  data 
necessary  to  determine  the  output  voltage  adjustment  range, 
voltage  and  frequency  regulation,  voltage  modulation,  phase 
voltage  imbalance,  total  harmonic  distortion,  and  transient 
voltage  and  frequency  stability.  Descriptions  of  these 
parameters  are  contained  in  appendix  A.  The  test  equipment 
configuration  is  shown  in  appendix  B,  figure  1. 
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(a)  Al low  the  unit  to  warm-up  for  13  minutes  at 
50  percent  load. 

(b)  Determine  the  range  of  output  voltage 
adjustments  and  the  adjustment  step  size  under  no 
load  conditions.  Set  the  output  voltage  to  230 
volts  I i ne  to  neutral . 

(c)  Under  balanced  conditions,  with  1.0  power 
factor  loads  at  0,  25,  50,  75,  and  100  percent  of 
the  rated  load  measure  the: 

—  Voltage  (I i ne  to  neutral)  and  current  on 
each  phase  at  the  input  panel  (Fluke  8060, 
801-600) . 

—  Voltage  (I i ne  to  neutral)  and  current  on 
each  phase  at  the  output  panel  (Fluke  8060, 
801-600) . 

--  Voltage,  current,  KVA,  KW,  KVAR ,  and  power 
factor  at  the  load  end  of  the  output  cable 
(Dranetz  808) . 

—  Frequency  on  each  phase  of  the  output 
(Fluke  8060) . 

--  Maximum  and  minimum  output  voltage 
waveform  peak  heights  on  each  phase  in  a  two 
minute  period  (Sencore  Oscilloscope). 

Harmonic  content  of  the  output  voltage 
waveform  on  each  phase  (HP-331A). 

(d)  Repeat  step  (c)  with  the  power  factor  changed  to 
0.8  i agg i ng . 

(e)  Load  one  phase  at  a  time  to  50  and  100 
percent  of  the  rated  per  phase  load  (power 
factors1.0)  and  at  each  step  measure  the: 

--  Voltage,  current,  KVA,  KW,  KVAR,  and  power 
factor  at  the  load  end  of  the  output  cable 
(Dranetz  808) . 

--  Harmonic  content  of  the  output  voltage 
waveform  on  each  phase  (HP-331A) . 

(f)  Repeat  step  (e)  with  the  power  factor  changed  to 
0.8  I agg i ng . 

(g)  Monitor  the  voltage  and  ‘raquancy  transient 
response  to  sudden  load  changes  with  a  Dranetz 
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606-3  Lina  Disturbance  Analyzer.  The  Dranetz  606 
was  configured  to  monitor  three  phase,  400  Hz  WYE 
connected  power  systems.  The  following  data  are 
recorded . 

--  Slow  average  output  voltage.  This  is  the 
average  output  voltage  over  a  10  second 
period.  Deviations  greater  than  plus  or 
minus  3  volts  and  the  time  the  deviation 
occurred  are  printed. 

--  Sag/Surge  voltage.  Any  deviation  of  plus 
or  minus  three  volts  from  the  slow  average 
output  voltage  was  recorded.  The  voltage 
used  for  sag/surge  measurements  is  the 
average  voltage  over  8  periods  of  a  400  Hz 
signal.  The  duration  of  the  sag/surge  is 
recorded  as  the  number  of  cycles  where  the  8 
period  average  voltage  remained  three  volts 
or  more  away  from  the  slow  average  output 
voltage.  The  time  the  deviation  started  is 
also  pr i nted . 

—  Impulse  voltage.  Whenever  a  "spike"  or 
impulse  voltage  (duration  of  0.5  to  800 
microseconds)  differed  from  the  anticipated 
instantaneous  voltage  by  plus  or  minus  50 
volts,  the  time,  phase  and  peak  voltage 
deviation  from  the  AC  line  voltage  were 
pr i nted . 

--  Output  frequency  deviation.  Whenever  the 
one  second  average  frequency  deviated  more 
than  plus  or  minus  4  Hz  from  the  last  printed 
value  (nominal ly  400  Hz) ,  the  frequency  and 
time  of  occurrence  were  printed. 


First,  the  generator  was  subjected  to  a  step 
decrease  in  load  from  50  percent  load  with  a  1 .0 
power  factor  to  no  load.  After  the  voltage  and 
frequency  stabilized,  the  50  percent,  1.0  power 
factor  load  was  reappl led  as  a  step  function. 

Then,  the  load  was  increased  to  100  percent  of  the 
rated  output  with  a  1.0  power  factor.  The 
generator  was  then  subjected  to  a  step  decrease 
from  fu I  I  to  no  load.  After  the  voltage  and 
frequency  stabi I ized,  the  100  percent,  1 .0  power 
factor  load  was  reappl led  as  a  step  function. 

(h)  Repeat  step  (g)  with  a  0.8  power  factor. 


3 


2.2  AIRCRAFT  TEST  --  This  test  examined  the  abi I ity  of  each  unit 
to  supply  power  to  an  jircraft.  The  power  units  were  instrumented 
with  a  Dranetz  808  Power  Demand  Analyzer  and  a  Dr anetz  606-3 
Power  Line  Disturbance  Analyzer  connected  to  the  end  of  the 
output  cable  through  the  remote  sensing  leads.  The  equipment 
configuration  is  shown  in  appendix  B,  figure  2.  The  test  steps 
consisted  of: 


(a)  Applying  power  to  the  aircraft  in  the  basic 
power-on  configuration,  load  management  mode  4  (LM 


4) .  All  sw i tches 
con  f i gur at i on . 

were 

in  the  post  f 1 

i  ght 

(b) 

Turn-on  the 

fuel 

transfer  pumps. 

(c) 

Turn-on  the 

f  ue  1 

boost  pumps  by 

placing  the 

engine  start  switches  to  the  run  position. 

(d)  Return  all  sw itches  their  original  position 
and  remove  external  power  from  the  aircraft. 


III.  RESULTS  AND  DISCUSSION 

3.1  LOAD  BANK  TEST  —  All  of  the  data  collected  during  this 
portion  of  the  test  are  tabulated  in  appendix  C  and  F.  Several 
general  comments  about  the  test  data  and  procedures  are  required 
before  proceeding  into  a  detailed  discussion  of  the  data. 


The  test  was  started  in  Dyess  AFB  Aerospace  Ground 
(AGE)  fac i I ity  but  had  to  be  terminated  and  restarted 
5020.  The  AGE  f ac i I ity  power  was  rated  as  480  V  line 
but  when  measured,  the  voltage  was  found  to  be  419  V 
I ine.  Since  the  manufacturers  had  bean  informed  that 
voltage  would  be  480  V,  their  equipments  were 
419  V  input.  Since  Jetway  had  a  variable  tap 


Equ i pmen  t 
i  n  hangar 
to  line;' 
i  ne  to 
the  i npu  t 
not  configured  for 
input  transformer 


on  their  unit  they  could,  with  minor  rewiring,  handle  the  lower 
voltage.  However,  since  the  CS I  unit  did  not  have  variable  input 
capab i I ity  the  testing  was  moved  to  another  fac i I ity  where  the  no 
load  input  voltage  was  495  V  line  to  line.  At  full  load,  the 
input  voltage  only  dropped  to  481  V  line  to  line.  All  of  the 
data  obtained  prior  to  moving  to  the  new 
presented  in  the  data  tables.  Thus,  the 
with  virtually  identical  input  voltages, 
equipment.  A  different  ECU-105  was  used 
in  hangar  5020. 


I ec  ted 


facility  is  not 
test  data  was  co 
I  oads  and  test 
for  the  test  conducted 
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When  a  different  ECU-105  was  used  for  testing  in  hangar  5020; 
discrepancies  in  the  data  led  to  the  discovery  of  a  problem  with 
the  first  ECU-105.  The  new  ECU-105  used  in  the  AGE  shop  test 
requ i red  maintenance  since  the  input  power  required  to  operate  at 
no  load  approached  30  KVA.  This  unit  was  later  found  to  be 
"stuck  In  the  start  mode".  The  ECU-105  appeared  to  operate 
normal ly,  and  the  problem  would  probably  not  have  been  discovered 
in  normal  use. 

The  three  units  tested  provided  the  opportunity  to  examine 
different  mounting  options.  The  ECU-105  was  skid  mounted  while 
the  Jetway  unit  was  trailer  mounted  and  the  CS I  unit  was  a 
floor /wall  mountable  unit.  Both  CS I  and  Jetway  indicated  that 
their  companies  had  floor  and  trailer  mountable  versions  of  their 
equipment.  SAC  prefers  that  the  mounting  of  the  units  be  an 
option  decided  at  the  time  of  purchase.  Some  appl ications  can 
use  the  floor/wal I  mounting  system  to  get  the  equipment  out  of 
the  way  while  trailer  mounting  provides  the  flexibility  to 
reposition  the  units  in  hangars  where  they  are  most  needed. 

Trailer  mounted  units  also  help  to  reduce  the  length  of  400  Hz 
power  output  cables. 

The  output  voltage  adjustment  on  all  test  articles  was 
continuous  over  at  least  a  40  volt  range.  The  Jetway  unit 
voltage  adjustment  was  not  easily  accessible  and  required  a 
circuit  card  to  be  removed.  This  needs  to  be  changed  and  steps 
were  taken  to  modify  this  feature  during  the  test.  The  CS I 
voltage  adjustment  consisted  of  an  eas i ly  turned  knob  on  the 
exterior  control  panel  of  the  unit.  This  should  be  changed  to 
require  a  screwdriver  in  order  to  prevent  unintentional  changes 
to  the  output  voltage.  ECU-105  voltage  adjustment  could  be 
accomp I  ished  with  a  scr ewdr i ver  and  was  access ible  on  the  control' 
pane  I  . 

The  remote  sensing  cable,  manufactured  by  Burton  Electric 
worked  well.  Voltage  measurements  at  the  load  bank  and  at  the 
remote  sensing  lead  terminations  were  within  0.5  volts  of  each 
other.  These  leads  were  used  to  measure  the  voltage  at  the  end 
of  the  output  cable. 

The  results  are  presented  in  relation  the  the  rated  output  of 
the  test  article.  Both  sol  id  state  converters  were  rated  at  90 
KVA  wh i le  the  ECU-105  is  rated  at  60  KW  or  75  KVA  at  a  0.8  power 
factor.  There  were  no  power  factor  restrictions  on  the  sol  id 
state  frequency  converters  and  the  maximum  KW  rating  was  also  90 
KW.  In  order  to  keep  any  comparison  of  data  as  fair  as  possible^, 
the  loads  are  expressed  as  a  percentage  of  the  rated  load.  The 
real  power  I  imit  of  the  sol  id  state  converters  was  treated  as  if 
the  rated  output  in  KVA  was  at  a  0.8  power  factor.  Thus,  the  base 
for  the  sol  id  state  frequency  converter  real  power  load 
percentages  is  72  KW  ( 90KVA  *  0.8).  The  loads  applied  to  each 
unit  were  matched  as  well  as  possible. 


3.1.1  Balanced  three  phase  loads  --  Each  load  was  balanced  as 
well  as  possible  given  the  capabilities  of  the  load  bank.  In  the 
discussion  that  follows,  references  to  1.0  and  0.8  power  factors 
should  be  understood  to  be  the  nominal  values  that  were  attempted 
to  be  matched.  The  same  situation  app I i es  to  the  term  balanced  . 
three  phase  loads.  No  effort  was  spared  to  obtain  equal  currents 
in  each  phase;  however,  some  Imbalance  existed  in  all  loads. 
Failure  to  obtain  well  balanced  loads  will  most  seriously  affect 
the  phase  voltage  imbalance.  If  the  currents  in  the  output  cable 
are  unequal ,  the  voltage  drops  in  each  phase  will  be  unequal 
causing  the  measured  phase  voltage  imbalance  to  be  higher  than  if 
the  load  was  perfectly  balanced.  The  potential  problem  of 
unbalanced  loads  did  not  seriously  affect  the  phase  voltage 
imbalance  as  discussed  further  in  section  3. 1.1. 2.  The  other 
calculated  parameters,  voltage  regulation,  frequency  regulation 
and  voltage  modulation,  are  less  sensitive  to  slightly  unbalanced 
conditions  since  these  parameters  are  based  on  either  averages  or 
single  phase  data.  The  results  obtained  from  balanced  three 
phase  loads  are  summarized  in  table  1  for  all  three  test  articles. 
The  following  discussion  will  be  based  on  the  data  summarized  in 
table  1  and  found  in  appendix  C. 
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£  TABLE  I:  Data  Summary  for  Balanced  Thrae  Phase  Loads  at  1.0  and  0.8  Power  Factors  fpf) 


S  . 

JETWAY 

JS  SOLID 

^  STATE 

FREQUENCY 

W  CONVERTER 

^  DATA 

SUMMARY 

.> 

k.  4 

!•> 

1  NOMINAL  1.0  pf 

i  NOMINAL  0.8  pf 

!  LOAD  X 

1  1.05 

1  _  _ _ 

24.08 

47.41 

70.41 

98.68 

1  24.17 

49.79 

76.52 

99.54  1 

1  PF 

:  0.90 

i 

0.99 

0.99 

0.99 
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3. 1.1.1  Efficiency  --  The  efficiency  data  obtained  during  the 
test  was  not  usable.  In  using  the  Fluke  8060  multimeter  with  the 
matching  inductive  AC  current  pick-up  801-600,  significant  errors 
were  introduced  Into  the  data.  The  equipment  was  bench  checked 
with  short  duration  current  pulses  in  an  attempt  to  simulate  the 
solid  state  frequency  converter  input  waveform  and  the 

mu  I t imeter /probe  values  were  found  to  be  in  error  by  as  much  as 
15  percent  relative  to  measurements  made  with  the  meter  alone. 

The  error  is  be  I  i eved  to  be  the  result  of  the  inductive  probe 
acting  as  a  highpass  filter.  This  problem  only  affects  the  input 
of  the  sol  id  state  frequency  converters  since  they  draw  current 
only  when  required  to  form  the  output  sinusoid. *i.  Retrospectively, 
the  input  and  output  power  flow  should  have  been  measured  with  watt 
meters  and  power  factor  meters  of  a  type  similar  to  that  used  by 
ut i I i ty  compan ies.  in  any  case,  the  efficiency  data  must  be 
neg I  acted . 

3. 1.1. 2  Phase  voltage  imbalance  --  The  phase  voltage  imbalance 
remained  less  than  one  percent  for  a  I  I  balanced  three  phase  loads 
at  1  .0  and  0.8  power  factors.  The  sol  id  state  frequency  con¬ 
verters  had  very  flat  response  curves  for  1.0  power  factor  loads 
while  the  motor-gener ator  exhibited  greater  data  spread  (See 
Appendix  D,  Figure  1).  The  0.8  power  factor  data  for  all  test 
articles  showed  a  response  curve  similar  to  the  shape  of  the  1.0 
power  factor  ECU-105  response  curve.  Since  all  three  test 
articles  displayed  similar  curves  for  0.8  power  factor  loads, 
this  shape  is  not  thought  to  be  caused  by  normal  data  distribu¬ 
tion.  However,  at  this  point,  the  shape  of  the  curve  cannot  be 
exp  I  a  I ned . 

3. 1.1. 3  Voltage  regulation  --  With  1.0  power  factor  loads  only 
one  data  point  (100%  load  for  the  Jetway  test  article)  fell 
outside  the  desired  voltage  regulation  limit  of  1.0  percent.  See 
Appendix  D,  Figure  3  for  the  plotted  data.  The  data  obtained  for 
0.8  power  factor  loads  (See  Appendix  D,  Figure  4)  was  not  as 
favorable.  Both  solid  state  frequency  converters  failed  to  main¬ 
tain  the  voltage  regulation  below  1.0  percent.  The  lack  of 
adequate  regulation  could  have  been  caused  by  readjusting  the 
voltage  regulators  when  the  test  location  was  changed  to  avoid 
the  hangar  low  voltage  problem  previously  discussed.  Both  output 
voltage  and  I  i ne  drop  compensation  were  adjusted  by  the  sol  id 
state  converter  manu f acturer ’ s  r epresentat i ves  when  the  test 
location  changed.  The  adjustments  were  quickly  made  without 
technical  data  and  more  meticulous  adjustment  procedures  may  be 
al  I  that  is  required  to  improve  the  regulation.  After  the  test 
started,  no  further  adjustments  were  al lowed.  If  better  adjust¬ 
ment  procedures  do  not  correct  the  problem,  another  possibi  I  i  ty 
is  changing  the  regulator  design.  In  any  case,  the  output 
voltage  regulation  of  the  col  id  state  frequency  converters  wi  I  I 
require  improvement  to  meet  the  anticipated  voltage  regulation 
specification  of  one  percent.  This  should  not  be  a  serious 
prooiem  Since  numerous  pieces  or  electrical  generating  equipment 
are  capable  of  meeting  this  requirement. 
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3. 1.1. 4  Frequency  regulation  --  The  frequency  regulation  of  all 
three  test  articles  at  both  1.0  and  0.8  power  factors  (See 
Appendix  D,  Figures  5  and  6)  was  well  within  acceptable  operating 
limits  for  aircraft  power.  The  frequency  regulation  of  the 
crystal  controlled  solid  state  frequency  converters  was  perfect 
at  all  load  and  power  factor  settings. 

3. 1.1. 5  Voltage  modulation  —  The  maximum  voltage  regulation 
allowed  under  M I L-M-4803D (USAF)  is  1.0  percent.  The  percent 
voltage  modulation  for  two  of  the  test  articles  (the  ECU-105  and 
Jetway)  remained  under  0.2  percent  for  all  loads  and  power 
factors  (See  Appendix  D,  Figures  7  and  8).  Voltage  modulation 
greater  than  1 .0  percent  was  recorded  for  the  CS I  test  article 
under  some  of  the  load  conditions.  These  high  voltage  modulation 
values  were  observed  for  both  1.0  and  0.8  power  factor  loads. 

3. 1.1. 6  Total  harmonic  distortion  --  The  total  harmonic 
distortion  was  unacceptable  on  the  CS I  test  article  and  marginal 
on  the  Jetway  test  article  in  relation  to  the  maximum  of  2.0 
percent  referenced  in  MIL-M-48030  (See  Appendix  D,  Figures  9  and 
10)  .  The  same  I  imit  is  expected  to  apply  to  sol  id  state 
frequency  converters  when  their  general  requirement  specification 
is  completed.  CS I  I iterature  indicates  that  they  have  a  harmonic 
filter  ava i table  as  a  option  that  will  reduce  the  harmon i c 
content  of  their  output  to  less  than  2.0  percent. 


3.1.2  Single  phase  loads  --  The  single  phase  loads  tested  are 
worst  case  conditions  where  only  one  phase  is  loaded  to  a 
percentage  of  the  single  phase1 rated  power  (1/3  of  the  total 
rated  output  power)  at  both  1.0  and  0.8  power  factors.  This  load 
is  not  expected  to  be  encountered  in  normal  operations,  however 
there  may  be  occasions  when  single  phase  motors  would  be  operated 
from  the  three  phase  sources.  Fault  conditions  could  also  result 
in  somewhat  similar  conditions  where  one  phase  is  drawing 
significantly  higher  current  than  the  other  two  phases.  The 
data  obtained  can  be  found  in  appendix  C  and  is  summarized  in 
table  2.  The  no  load  data  points  used  in  the  appendix  D  figures 
are  obtained  from  the  no  load  balanced  three  phase  data  presented 
previously  in  table  1.  The  foil ow ing  discussion  is  based  on  the 
data  in  tab  I e  2 . 


TABLE  2:  Data  Summary  for  Single  Phase,  1.0  and  0.8  Power  Factor  Loads. 
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4.13 

5.16 

8.61 
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1  .  90 

3.68 

0.73 

1  .  70 

Avg  THD 

2.29 

2.97 

3.27 

5.02 

LOAD  % 

=  = 

45.91 

83.74 

43.09 

84.35 

PF 

0.99 

0.99 

0.79 

0.87 

PV  1  % 

4.63 

8 . 32 

9.02 

14.13 

Vreg  */. 

0.23 

0.26 

0.41 

0.52 

Avg  THD 

LOAD  y. 

3.68 

51.63 

5.03 

92.02 

:: 

4.33 

55.31 

?  FQ  FLUX 

89.87 

PF 

0.99 

0.99 

0.88 

0.8  7 

PVI  % 

1 .65 

3.18 

2.57 

4.69 

Vreg  % 

1  .  55 

2 . 88 

2.01 

3 . 94 

Avg  THD 

0.49 

0.67 

0.51 

0.67 

3. 1.2.1  Phase  voltage  imbalance  --  All  three  test  articles 
fai led  to  remain  within  the  3.0  percent  phase  imbalance  upper 
limit  as  specified  in  MIL-M-4803D,  paragraph  3.7.9,  when  the 
maximum  single  phase  load  was  applied.  The  data  for  1.0  and  0.8 
power  factor  loads  are  plotted  in  appendix  D,  figures  11  and  12. 
With  this  severe  single  phase  load,  maintaining  the  phase  voltage 
imbalance  would  probably  require  circuitry  that  could  indepen¬ 
dently  sense  and  control  each  phase  voltage.  This  requirement, 
due  to  the  extreme  nature  of  the  load,  warrants  r aeons i der at  i  on 
when  the  specifications  for  solid  state  frequency  conversion 
equipment  are  final ized. 

3. 1.2. 2  Voltage  Regulation  --  Voltage  regulation  requirements 
for  single  phase  loads  are  not  specifically  stated  in  MIL-M- 
4803D,  but  the  specification  does  call  for  the  output  voltage  to 
be  controlled  to  within  1.0  percent  "throughout  the  power  factor 
and  load  range'  ,n  paragraph  3.7.*+.  Appendix  D,  figures  13  and 
14,  show  that  the  only  the  CSI  test  article  achieved  this  level 
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of  performance.  This  was  not  expected  since  the  CS I  test  article 
did  not  perform  this  well  for  the  balanced  three  phase  loads. 

This  performance  is  also  attributed  to  adjustment  of  the  voltage 
regulator  as  was  the  poor  performance  described  in  paragraph 
3. 3. 3. 2.  These  findings  support  the  opinion  that  the  observed 
voltage  regulation  is  not  a  serious  problem  for  any  of  the  test 
articles. 

3. 1.1. 3  Total  harmonic  distortion  --  The  total  harmonic 
distortion  for  single  phase  loads  Is  presented  in  appendix  D, 
figures  15  and  16.  The  total  harmonic  distortion  I imit  of  2.0 
percent  as  contained  in  MIL-M-4803D,  paragraph  3.7.7,  does  not 
clearly  apply  to  single  phase  loads.  Only  the  ECU-105  test 
article  maintained  the  harmonic  content  within  1.0  percent  for 
all  single  phase  loads.  The  CS I  test  article  had  a  frequency 
flux  at  the  nominal  100  percent  load,  0.8  power  factor  data 
point,  that  prevented  obtainirg  harmonic  content  data. 

3.1.3  Load  bank  shock  loads  --  All  three  test  articles  were 
shock  loaded  and  unloaded  at  nominal  loads  of  50  percent  and  100 
percent  of  th9  rated  output  at  both  1.0  and  0.8  power  factors. 

The  actual  shock  loads  are  documented  in  appendix  E  and  the 
results  are  shown  in  table  3. 


1  1 


TABLE  3.  Shock  Load  Transient  Voltage  and  Duration  Sunnary 
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The  data  in  table  3  is  derived  from  Dranatz  606-3  Line  Distur¬ 
bance  Analyzer  recorded  deviations.  Presently,  no  equivalent  to 
M I L-STD-704D ,  Aircraft  Electric  Power  Character ist ics,  exists  for 
230  volt  systems.  However,  if  the  same  time  and  voltage  devia¬ 
tion  I imits  as  shown  in  M I L-STD- 704D ,  figure  5,  are  transposed  to 
a  230  volt  steady  state  I imit,  a  possible  reference  is  obtained. 
This  230  volt  based,  AC  voltage  transient  response  envelope  is 
shown  in  appendix  F,  figure  1.  An  oscillograph  is  required  to 
precisely  determine  if  the  transient  response  remains  within  the 
appendix  F,  figure  1  envelope  and  the  Dranetz  606-3  simply  cannot 
provide  the  data  required  for  an  exact  determination  of  the 
transient  response.  Since  the  rise  time  to  the  peak  voltage  is 
not  known,  it  is  not  possible  to  develop  a  second  order  mathemat¬ 
ical  model  of  the  response.  In  order  to  make  a  reasonable  deter¬ 
mination  as  to  whether  the  envelope  is  broached,  some  rather 
broad  assumptions  must  be  made.  Assuming  that  the  highest  volt¬ 
age  deviation  occurs  at  the  onset  of  the  transient  and  that  the 
voltage  decays  exponentially,  returning  to  the  original  steady 
state  value  at  the  recovery  time  shown  in  table  2,  a  first  order 
model  can  be  derived. 
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1  2 


First,  define  tau 


as  : 


tau 


Total  Recovery  Time 


4 


and  the  equation: 

V  =  230  +  Ae 


where  V  Is  the  instantaneous  voltage  at  time  t  and  A  is  the 
signed  magnitude  of  the  maximum  voltage  deviation.  This  equation 
was  utilized  to  develop  the  possible  response  curves  for  the  test 
articles  contained  in  appendix  F,  figures  2  through  7.  The 
limits  displayed  in  appendix  F,  figure  1,  are  also  displayed  on 
the  other  figures. 

The  calculated  response  curves  for  the  Jetway  test  articles  are 
shown  in  appendix  F,  figures  2  and  3.  The  unit  failed  to  respond 
fast  enough  to  prevent  the  voltage  from  exceeding  the  I imits  for 
the  100  percent  sudden  load  removal.  The  voltage  response  to  the 
other  shock  loads  essentially  (a  few  data  points  did  not) 
remained  within  the  voltage  limits  of  appendix  F,  figure  1. 

The  calculated  response  curve  for  the  CS I  test  article  are 
shown  in  appendix  F,  figures  4  and  5.  None  of  the  calculated 
response  curves  exceeded  the  I imits  when  1.0  power  factor  loads 
were  applied  and  removed.  The  response  seen  with  0.0  power 
factor  loads  had  small  magnitude  deviations,  but  the  long 
response  time  caused  the  calculated  response  curves  to  exceed  the 
des I  red  limits. 


The  calculated  response  curve  for  the  ECU-105  test  article  are 
shown  in  appendix  F,  figures  6  and  7.  None  of  the  calculated 
response  curves  exceeded  the  I imits  when  1.0  power  factor  loads 
were  appl i ed  and  removed.  With  0.0  power  factor  loads,  only  the 
100  percent  shock  load  calculated  response  curves  went  out  of  the 
I imits. 

The  mathematically  generated  data  basically  confirm  that  the 
voltage  response  needs  to  be  improved  for  the  voltage  to  remain 
in  the  desired  I  imits  when  a  100  percent  shock  load  is  appl  i  ed  or 
removed.  The  calculated  data  also  show  that,  for  the  normally 
encountered  case  where  the  shock  load  represents  less  than  50 
percent  of  the  units  rated  output,  the  voltage  I imits  are 
essentially  maintained  except  for  some  0.0  power  factor  loads. 


3.2  AIRCRAFT  POWER-ON  TEST  RESULTS 


The  aircraft  test  was  significantly  less  demanding  than  the 
load  bank  test.  The  shocks  were  not  as  great  and  the  overall 
loads  did  not  push  the  operating  limits  of  the  test  articles. 

Only  the  Jetway  and  ECU-105  test  articles  were  appl i ed  to  the 
aircraft,  B-1B  #050.  The  CS i  test  article  was  not  included  in 
this  portion  of  the  test  due  to  the  high  harmonic  content  and 
voltage  modulation  on  their  standard  unit.  Also,  in  keeping  with 
the  purpose  of  the  test  to  document  the  feasibility  of  solid 
state  frequency  conversion  technology  for  Air  Force  aircraft 
power  generation,  one  sol  id  state  frequency  converter  could 
provide  the  required  data. 

When  power  was  applied  to  the  aircraft  in  the  basic  LM-4 
configuration,  the  power  consumption  was  7.9  KVA  at  a  0.99  power 
factor.  No  transients  were  observed  with  either  test  article 
when  this  load  was  appl i ed .  Next,  the  fuel  transfer  pumps  were 
turned  on  increasing  the  load  to  27.5  KVA  at  a  0.88  lagging  power 
factor.  The  Jetway  voltage  deviated  slightly  from  the  steady 
state  value  of  228  volts  on  each  phase.  Both  the  A  and  C  phase 
voltage  cl  imbed  to  236  volt  and  damped  out  in  0.06  seconds  wh i  le 
the  B  phase  voltage  climbed  to  234  volts  for  0.04  seconds.  The 
Jetway  voltage  control  appeared  overdamped  in  this  situation 
since  no  oscillations  were  recorded .  The  ECU-105  steady  state 
voltages  on  A,  B  and  C  phase  were  232,  232  and  230  volts 
respectively.  The  ECU-105  voltage  transients  oscillated  between 
the  values  of  222  volts  and  236  volts  for  0.4  seconds  before 
damping  out  to  the  steady  state  conditions.  The  time  required 
for  each  half  cycle  (time  between  consecutive  steady  state 
crossings)  was  approximately  0.08  seconds.  The  main  fuel  boost 
pumps  were  then  energized  by  placing  the  engine  start  switches  in 
the  run  position  thus  increasing  the  electrical  load  to  42.1  KVA 
at  a  0.84  lagging  power  factor.  No  transients  were  recorded  for 
the  Jetway  test  article.  The  ECU-105  B  phase  voltage  sagged  to 
224  volts  for  0.04  seconds.  When  the  loads  were  removed  by  first 
turning  off  the  fuel  transfer  pumps  followed  by  the  fuel  boost 
pumps,  no  additional  voltage  transients  were  recorded.  The 
aircraft  accepted  the  electrical  power  from  both  the  Jetway  and 
ECU-105  test  articles  and  the  routine  maintenance  task  of 
pressurizing  the  fuel  manifolds  was  completed  without  any 
pr ob I ems . 


IV.  CONCLUSIONS 


The  sol  id  state  frequency  converters  were  found  to  provide 
acceptable  power.  The  frequency  regulation  was  excellent,  but 
the  voltage  regulation  and  total  harmonic  distortion  will  need 
Improvement  before  solid  state  frequency  converters  can 
replace  motor-generators.  Procurement  specifications  being 
prepared  by  SM-ALC/MM I  EC  address  the  problems  observed  during 
this  engineering  project.  Power  generating  equipment  built  to 
meet  the  SM-ALC  specification  will  have  power  quality  equi va lent 
to  motor-generators .  The  two  off-the-shelf  converters  tested 
should  be  able  to  meet  the  final  procui  ement  specification  with 
relatively  minor  modifications.  The  anticipated  improvement  in 
mean-t ime-between  failures,  reduced  time  to  repair,  and  unlimited 
power  factor  range  make  sol  id  state  frequency  converters  a  viable, 
option  for  replacing  motor-gener ators .  As  the  aircraft  load 
power  factors  become  more  reactive,  the  uni imited  power  factor 
range  will  become  more  Important. 


IV.  RECOMMENDATION 


HQ  SAC/LGME  recommends  that: 

a.  AFLC  SM-ALC/MM I  release  procurement  specifications  and 
stock  i  ist  sol  id  state  frequency  converters. 

b.  HQ  SAC/LGSE  arrange  to  purchase  five  stock  I  isted  sol  id 
state  frequency  converters  as  replacements  for  condemned  motor- 
generators,  providing  the  projected  life  cycle  cost  is  favorable. 

c.  HQ  SAC/LGSE,  with  LGME  assistance  as  required,  inspect 
the  initial  sol  id  state  frequency  converters  and  monitor  their 
performance  during  the  first  year  of  operation.  This  would 
ensure  documentation  and  resolution  should  unforeseen  problems 
deve I  op . 

d.  Contracts  Include  warranty  provisions  that 
specify  20,000  hours  before  fai lure. 
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V.  DISTRIBUTION 


11  HQ  SAC/LGME (5) /LGMS/LGSE (2) / LGXB/ LGMA/DEEQ , 

Offutt  AFB ,  NE  68113-5001 

5  SM-ALC/MMI/MMIK/MMI E/MM  I  EC (2)  ,  McClellan  AFB,  CA  95652-5000 
1  96  BMW/MA,  Dyess  AFB,  TX  79607-5000 

1  28  BMW/MA,  Ellsworth  AFB,  SD  57706-5000 
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ELECTRIC  POWER  SUPPORT  EQUIPMENT  TEST  DESCRIPTIONS 
I.  INTRODUCTION 

This  appendix  describes  the  procedures  and  data  that  will  be 
collected  for  tests  of  electrical  generating  equipment  for 
aircraft  use.  The  tests  come  from  numerous  sources  and  have  been 
modified  to  suit  the  needs  of  HQ  SAC.  These  tests  do  not 
constitute  a  initial  article  inspection  as  required  by  AFLC.  The 
tests  provide  SAC  with  an  abbreviated  inspection/evaluation  of 
electrical  generating  equipment  before  SAC  has  to  operate  the 
equipment  under  field  conditions. 

I  I  .  GENERAL  SYSTEM  CHECKS 

2.1  VOLTAGE  ADJUSTMENT  --  The  range  of  output  voltage  adjustment 
and  the  adjustment  step  size,  if  appl icable,  will  be  determined 
by  adjusting  the  voltage  regulator  under  no  load  conditions. 

Voltage  measurements  can  be  made  at  either  the  load  or  the  unit 
end  of  the  output  cable  for  this  test.  The  desired  range  is  plus 
or  minus  ten  percent  of  the  rated  output  voltage. 

2.2  WORKMANSHIP  --  Any  deficiencies  in  the  construction  or 
design  of  the  unit  will  be  noted.  Examples  are  sharp  edges, 
poorly  fitting  joints,  dissimilar  metal  contact,  metal  shavings, 
cold  or  sloppy  electrical  connections  and  unreadable/unclear 
operating  and  maintenance  instructions. 

2.3  MAINTAINABILITY  --  Although  this  test  cannot  accurately  predict 
the  mean  t ime  between  failure  for  the  test  article  some  qual itative 
assessments  can  be  made  concerning  the  unit’s  ma intainabi I ity. 

This  qualitative  assessment  will  include: 

-  Periodic  maintenance  requirements. 

-  Ease  of  access  for  periodic  maintenance. 

-  Ease  of  access  to  electronic  components. 

-  Maintenance  personnel  and  equipment  requirements. 


III.  TEST  DESCRIPTIONS 

3.1  EFFICIENCY  --  The  efficiency  (Ef)  in  percent  is  defined  as: 

Sou  t 

Ef* - x  (100) 

S  i  n 

where  Sin  is  the  total  input  power  in  thousand  volt  amperes  (KVA) 
and  Sout  is  the  output  power  in  KVA.  A  Fluke  8060  true  RMS 
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multimeter  with  an  801-600  inductive  current  probe  will  be  used 
to  measure  each  phase  current.  The  voltage  of  each  phase  (line 
to  neutral)  will  also  be  measured  with  the  Fluke  8060  multimeter. 
The  value  for  the  total  power  (S)  for  both  input  and  output  is 
found  with  the  equation: 

S= (Van* I  a)  +  (Vbn* I b)  +  (Vcn* I c) 

Measurements  of  the  efficiency  shall  be  made  at  three  phase 
balanced  loads.  Data  points  will  be  obtained  with  loads  close  to 
the  0,  25,  50,  75,  and  100  percent  of  the  rated  load  at  a  power 
factor  of  0.80  lagging.  Another  set  of  data  points  will  be 
obtained  with  a  1.0  power  factor.  Voltage  measurements  will  be 
made  at  the  input  and  output  terminals  of  the  unit  to  prevent  the 
power  cables  from  altering  the  basic  unit  parameters. 

3.2  REGULATION  --  The  ability  of  the  unit  to  maintain  a  set 
voltage  and  frequency  for  loads  varying  from  0  to  the  full  rated 
output  will  be  examined.  In  this  test,  the  unit  will  be  operated 
at  0,  25,  50,  75,  and  100  percent  of  the  rated  output  for  power 
factors  of  0.80  lagging  and  1.0.  The  line  to  neutral  voltage  of 
each  phase  wi  I  I  be  measured  at  the  load  end  of  the  output  cable. 
A  Dranetz  808  power  Demand  Analyzer  will  provide  the  voltage, 
current,  load  and  power  factor  data.  The  frequency  will  be 
measured  at  any  convenient  point  on  the  output  cable.  Either  an 
oscilloscope  with  digital  frequency  readout  or  a  Fluke  8060 
multimeter  will  be  used  to  measure  the  output  frequency. 

3.2.1  Voltage  regulation  calculation  --  The  voltage  regulation 
(VRx)  in  percent  as  a  function  of  the  load  is  calculated  with  the 
equat ion: 


ABS (  VI -Vo  ) 

VRx  - -  x  (100) 

Vo 


where  Vo  is  the  no  load  average  line  to  neutral  voltage  and  VI  is 
the  average  I i ne  to  neutral  voltage  when  loaded  at  x  percent  of 
the  rated  output.  MIL-M-4803  requires  the  VR  to  be  less  than  or 
equal  to  one  percent  at  al I  loads. 


3.2.2  Frequency  regulation  calculate on  -- 

The  frequency  regulation  (FRx)  in  percent  as  a  function  of 
the  load  Is  calculated  with  the  equation: 

ABS ( F I -Fo) 

FRx  = - - - x  (100) 

Fo 


where  Fo  Is  the  no  load  average  frequency  and  FI  is  the  average 
frequency  when  loaded  at  x  percent  of  the  rated  output. 


3.3  VOLTAGE  MODULATION  --  The  ability  of  the  unit  under  test  to 
maintain  a  voltage  without  *  1 uc tuat ! on  at  a  3 : ven  1 oad  '3 
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represented  by  the  percent  vo i tage  modulation.  The  peak 
I  i  ne  to  neutral  voltage  waveform  value  is  observed  for  two 
minutes  and  the  highest  peak  voltage  (Vpm)  and  the  lowest  peak 
voltage  (Vpl)  are  recorded.  The  RMS  values  are  calculated  by 
assuming  a  true  sinusoidal  waveform,  thus: 

Vmax  =  (Vpm) / (2* . 5) 

Vm I n  *  (Vp ! ) / (2* . 5) 

where  Vmax  is  the  maximum  RMS  voltage  and  Vmin  is  the  mimimum  RMS 
voltage  observed  during  the  two  minute  period.  The  percent 
voltage  modulation  (VM)  is  defined  as: 

Vmax-Vm i n 

VM  - - x  (100) 

Vmax+Vm i n 

The  voltage  measurements  will  be  made  with  balanced  three  phase 
loads  and  with  0.80  lagging  and  1.0  power  factors  at  each  load. 
Test  loads  will  include  0,  25,  50,  75,  and  100  percent  of  the 
rated  unit  output.  The  percent  voltage  modulation  should  be  less 
than  one  percent  for  all  load  and  power  factor  combinations. 

3.4  TRANSIENT  STABILITY  --  The  ability  of  a  power  generating  unit 
to  respond  to  sudden  changes  in  load  is  examined  by  recording  the 
parameter  of  interest  as  a  function  of  time.  The  worst  case 
situation  is  to  apply  a  full  load  step  function  to  the  output  and 
to  monitor  the  response  f o I  lowed  by  a  sudden  removal  of  the  load 
after  the  unit  stabilizes.  This  should  be  done  for  both  0.8 
lagging  and  1.0  power  factors. 

A  Dranetz  606-3  Line  Disturbance  Analyzer  was  used  to  monitor  the 
voltage  and  frequency  transient  response  to  sudden  load  changes. 
The  Dranetz  606  was  configured  to  monitor  three  phase,  400  Hz  WYE 
connected  power  systems.  The  following  data  was  recorded. 

--  Slow  average  output  voltage.  This  is  the  average 
output  voltage  over  a  10  second  period.  Deviations 
greater  than  plus  or  minus  3  volts  and  the  time  the 
deviation  occoured  are  printed. 

--  Sag/Surge  voltage.  Any  deviation  of  plus  or  minus 
three  volts  from  the  slow  average  output  voltage  was 
recorded.  The  voltage  used  for  sag/surge  measurements  is 
the  average  voltage  over  8  periods  of  a  400  Hz  signal. 

The  duration  of  the  sag/surge  is  recorded  as  the  number  of 
cycles  where  the  8  period  average  voltage  remained  three 
volts  or  more  away  from  the  slow  average  output  voltage. 

The  time  the  deviation  started  is  also  printed. 


--  Impulse  voltage.  Whenever  a  "spike"  or  impulse 

vo  I  tage  (duration  of  0.5  *ro  900  microseconds)  differed 
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from  the  anticipated  instantious  voltage  by  plus  or  minus 
50  volts  the  time,  phase  and  peak  voltage  excluding  the  AC 
line  vo I  tags  was  pr I nted  . 

Output  frequency  deviation.  Whenever  the  one 
second  average  frequency  deviated  more  than  pTus  or  minus 
4  Hz  from  the  last  printed  value  (nominally  400  Hz),  the 
frequency  and  time  of  occurrence  were  printed. 


First,  the  generator  was  subjected  to  a  step  decrease  in  load 
from  50  percent  load  with  a  1.0  power  factor  to  no  load.  After 
the  voltage  and  frequency  stabilized,  the  50  percent,  1.0  power 
factor  load  was  reappled  as  a  step  function.  Then,  the  load  was 
Increased  to  100'/,  of  the  rated  load  with  a  1.0  power  factor.  The 
generator  was  then  subjected  to  a  step  decrease  from  full  to  no 
load.  After  the  voltage  and  frequency  stabilized,  the  100  percent, 
1.0  power  factor  load  was  reappled  as  a  steo  function.  These 
steps  were  repeated  with  a  0.8  power  fac  lor 

The  output  voltage  should  not  deviate  more  than  plus  or  minus 
10.0  percent  from  the  voltage  prior  to  the  transient.  Within  0.2 
seconds  from  the  onset  of  the  transient,  the  voltage  should 
return  to  within  2.0  percent  of  the  initial  voltage.  MIL-SPEC- 
704D,  figure  5  contains  additional  guidance  for  115  volt  aircraft 
systems . 

The  transient  frequency  response  is  the  frequency  of  the  output 
signal  on  the  desired  phase  measured  as  a  function  of  time  from 
the  start  of  the  step  change  in  the  load.  The  frequency  should 
remain  in  the  range  393.0  hertz  to  407.0  hertz.  Within  3.0 
seconds  the  frequency  should  recover  to  400.0  hertz  plus  or  minus 
0.5  hertz. 

3.5  PHASE  VOLTAGE  IMBALANCE  —  The  phase  voltage  imbalance  (PVI) 
in  percent  is  defined  as: 

ABS (  Vmax-Vavg  ) 

PV|  =  -  x  (100) 

Vavg 


where , 


Vavg 


Van+Vbn+Vcn 


3 


and  Vmax  is  the  I i ne  to  neutral  voltage  of  the  phase  with  the 
largest  deviation  (positiva  or  negative)  from  Vavg.  Van,  etc. 
represent  the  voltage  measured  from  the  designated  phase  I i ne  to 
the  neutral  I ine. 

The  PVI  will  be  measured  for  a  balanced  three  phase  0.8  lagging 
power  factor  load  at  100  percent  of  the  rated  output.  For  these 
conditions,  the  °V  I  should  be  less  than  1.0  percent.  With  two 
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phases  at  no  toad  and  one  phase  operating  at  100  percent  load 
(1/3  rated  output)with  a  0.8  power  factor  the  PV I  should  be  less 
than  3.0  percent. 

3.6  TOTAL  HARMONIC  DISTORTION  --  The  total  harmonic  distortion 
(THD)  in  percent  was  measured  directly  with ‘a  HP  331A  Distortion 
Ana  I yzer . 
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Appendix  D 


FIGURE  1:  PHASE  VOLTAGE  IMBALANCE 


PERCENT  LOAD 

□  JETWAY  +•  CSI  O  ECU- 106 


FIGURE  2:  PHASE  VOLTAGE  IMBALANCE 


PERCENT  LOAD 

□  JETWAY  +•  CSI  O  ECU- 105 


D  1 


PERCENT  REGULATION 


FIGURE  9:  TOTAL  HARMONIC  DISTORTION 

FOR  1.0  PF  LOADS. 
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FIGURE  10: 

TOTAL  HARMONIC 

DISTORTION 

FOR  0.8  PF  LOADS. 
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FOR  SINGLE  PHASE,  1 .0  FT  LOADS. 
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FIGURE  1.  AC  VOLTAGE  TRANSIENT  LIMITS 
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FIGURE  2 .  JETWAY  TRANSIENT  RESPONSE 


FOR  1 .0  POWER  FACTOR  SHOCK  LOADS. 


TIME  FROM  ONSET  OF  TRANSIENT,  SECONDS. 

O  SOX  ON  A  SOX  OFF  X  100X  ON  V  100X  OFF 


FIGURE  3.  JETWAY  TRANSIENT  RESPONSE 


FOR  0.8  POWER  FACTOR  SHOCK  LOADS. 


TIME  FROM  ONSET  OF  TRANSIENT,  SECONDS.  F  2 

O  SOX  ON  A  SOX  OFF  X  1 0OX  ON  V  1 0OX  OFF 


FIGURE  4.  CSI  TRANSIENT  RESPONSE 

FOR  1 ,0  POVWER  FACTOR  SHOCK  LOADS. 
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FIGURE  5.  CSI  TRANSIENT  RESPONSE 

FOR  0.8  POWER  FACTOR  SHOCK  LOADS. 
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TIME  FROM  ONSET  OF  TRANSIENT.  SECONDS. 
A  50%  OFF  X  100%  ON 


O  50%  ON  A  50%  OFF  X  1005 


0.12  0.14 

V  1 00%  OFF 


FIGURE  6.  ECU- 105  TRANSIENT  RESPONSE 


FOR  1 .0  POWER  FACTOR  SHOCK  LOADS. 


TIME  FROM  ONSET  OF  TRANSIENT,  SECONDS. 

*  50%  ON  A  50%  OFF  X  100%  ON  V  100%  OFF 


FIGURE  7.  ECU  — 1 05  TRANSIENT  RESPONSE 


FOR  0.8  POWER  FACTOR  SHOCK  LOADS, 


TIME  FROM  ONSET  OF  TRANSIENT,  SECONDS. 

©  50%  ON  A  50%  OFF  X  100%  ON  7  100%  OFF 
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